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Immunostimuiatory DNA sequences (ISS) contain unmethyiated CpG dinucieotides within a defined 
motif. Immunization with ISS-based vaccines has been shown to induce high antigen-specific cytotoxic 
lymphocyte (CTL) activity and a T h 1 -biased immune response. We have developed a novel ISS-based vac- 
cine composed of ovalbumin (OVA) chemically conjugated to !SS-oiigodeoxynucieotide (ODN). 
Protein-iSS conjugate (PIC) is more potent in priming CTL activity and T h 1 -biased immunity than other 
ISS-based vaccines. Cytotoxic lymphocyte activation by ISS-ODN-based vaccines is preserved in both 
CD4™ 7 " and MHC class IH" gene-deficient animals. Furthermore, PIC provides protection against a lethal 
burden of OVA-expressing tumor cells in a CD8 + cell-dependent manner. These results demonstrate that 
PIC acts through two unique mechanisms: T-helper-independent activation of CTL and facilitation of 
exogenous antigen presentation on MHC class !. This technology may have clinical applications in can- 
cer therapy and in stimulating host defense in AIDS and chronic immunosuppression. 
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Immunostimuiatory DNA sequences (.ISS), or CpG motifs, contain 
unmethyiated CpG dinucieotides in a consensus motif of 5'- pur- 
pur- CpG- pyr-pyr- 3' (refs 1,2). These sequences were originally iso- 
lated as the antitumor principle from Mycobacterium bacille 
Calmette-Guerin (BCG), a therapeutic agent commonly used in the 
treatment of bladder carcinoma 3,4 . Immunostimuiatory DNA 
sequences exert a number of stimulatory effects upon natural killer 
cells 5 and antigen-presenting cells (APC) such as macrophages, 
dendritic cells, and B cells 6 8 , including upregulation of proinflam- 
matory cytokines interleukin 6 (IL-6), IL- 12, and interferon y 
(I.FNY)j and cell surface molecules major histocompatibility com- 
plex (MHC) class I, class II, CD40, B7-1, B7-2, and ICAM-l. By 
these criteria, ISS have little direct effect upon either CD4 + or CD8 + 
T cells 6 . Despite this, immunization with ISS-based vaccines such as 
plasmid DNA 9,10 or protein, and ISS-oligodeoxynudeotide (ODN) 
coadministration !1 ~ N , results in two T-cell phenotypes: antigen- 
specific cytotoxic lymphocyte (CTL) activity and a T h l -biased 
immune response. 

These observations raise three questions regarding the stimulato- 
ry effect of ISS, First, ISS do not directly affect T cells 6 , yet T-cell phe- 
notypes (CTL and T h l -biased immunity) are cardinal features of 
vaccination with ISS adjuvants. How is the ISS stimulus transduced 
to the T cells? Second, are CTL activation and the r i\l bias interde- 
pendent or not? Third, what are the relative contributions of CD4" 
and CD8* cells to tumor immunity? 

These questions directly address the concept of "cross-priming " 
the phenomenon of priming CTL against foreign protein antigens. 
It has been shown that CD4* T-helper activity is required to prime 
CTL against specific antigens on allogeneic tumor cells in a mouse 
model of tissue rejection 15 . A three-ceil interaction between APC, T 
helper, and CTL was required to generate the necessary lytic activi- 



ty 16 . Current models of cross-priming posit that APC must have an 
initial "licensing" interaction with T-helper cells before they can 
activate CTL 17 " 19 . The licensing step requires CD40-CD40 ligand 
interaction between APC and T-helper cells 17,i9 . The licensing and 
activation steps may be dissociated both spatially and temporally, 
with the APC acting as a "conditioned bridge" between the Th and 
CTL 1 1 However, ISS stimulation affects both T h and CTL, suggest- 
ing that the signal is transduced through APC that interact with 
both populations. Immunostimuiatory DNA sequence stimulation 
may replace some or all of the "licensing 0 effects on APC, in which 
case the T^l phenotype and CTL activation may be independent. 
Antigen-presenting ceils that not only present antigen on MHC 
class I but have also been "licensed" by ISS stimulation should be 
able to directly activate antigen-specific CTL activity. This hypothe- 
sis requires that both ISS and protein antigen must be colocalized to 
the same APC. 

Here we describe a novel ISS-based vaccine: protein~ISS conju- 
gate (PIC) of a model antigen, ovalbumin (OVA), chemically linked 
to ISS-ODN. This reagent is designed to efficiently deliver ISS-ODN 
and antigen to the same APC In this report, it is shown thai PIC is 
more efficient than other ISS-based vaccines in stimulating CTL 
activity and Thl -biased immunity, and that activation of CTL is 
independent of MHC class II-restricted T-cell help. The in vivo effi- 
cacy of PIC vaccination is demonstrated by its ability to stimulate 
protective, CD4 + - independent immunity in a murine cancer model. 

Results 

Synthesis of OVA-ISS conjugates. The OVA-ISS conjugates were pre- 
pared as described in the Experimental Protocol (Fig. I A). 
Nonreducing SDS-PAGE was used for qualitative evaluation of PIC, 
Bands corresponding to PIC were visualized by short-wave UV shad- 
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Figure 1 . Synthesis of ovaibumin-lSS-ODN conjugate. (A) Schema for 
PIC synthesis. Disuifide-linked phosphorothioate ISS-ODN and 
chicken OVA were modified as described in the text and mixed at a 
5:1 (ISS~ODN:OVA) molar ratio. The resulting PIC was analyzed by 
SDS-PAGE (10 to 20% gradient gel), (B) Short-wave UV shadowing, 
Sands are visible corresponding to 1:1, 2:1, and 3:1 ODN:OVA ratio 
conjugate. Unconjugated OVA is not visuaiized by this method. (C) 
The same gel as In (B) was stained with Coomassie G-250. A band 
corresponding to unconjugated OVA is visible at -45 kDa. Bands 
corresponding to PIC >1:1 ratio stain pooriy because of increased 
ODN concentration. 

owing on a silica gel thin-layer chromatography plate (Fig. IB), fol- 
lowed by Coomassie G-250 staining to detect protein bands (Fig. 1C). 
A ladder is visible corresponding to increasing ISS-ODN:OVA ratios in 
the conjugate (Fig. IB). Protein-ISS conjugate at ISS-ODN:OVA ratios 
higher than 1:1 stains poorly with Coomassie blue (Fig. 1C) because of 
the high concentration of acidic ODN. The average molar ratio of 
ISS-ODN:OVA in this series of experiments was -2.4: 1 . Conjugate was 
also synthesized with mutated ODN that do not contain CpG di nu- 
cleotides, and this mutated PIC (mPIC) was used as a control, 

PIC vaccination induces high antigen-specific CTL activity. To 
determine if PIC is more efficient than coadministration of OVA and 
ISS-ODN or plasmid DNA vaccine, wild-type (wt) C57BL/6 mice 
were immunized with PIC and the resultant CTL activity was evaluat- 
ed. For comparison, test groups were immunized with mPIC, 
OVA + ISS-ODN coadministration, pACB-OVA (a plasmid DNA 
vaccine that contains ISS motifs), and OVA alone. An untreated group 
was also included. In secondary CTL assays, PIC vaccination resulted 
in remarkably high activity, with 91 ± 5% specific lysis observed at a 
25:1 effector-to-target (E:T) ratio and 92 ± 4% at a 1:1 ratio, indicat- 
ing that activity was at a plateau even at a high dilution (Fig. 2). At a 
0.2:1 E:T ratio, specific lysis was 64 ± 10%. This activity was signifi- 
cantly higher than that observed in OVA + ISS coadministration, 
despite the higher molar ratio of ISS-ODN:OVA protein in the latter 
treatment (6:1 in the coadministration versus -2.4:1 in the PIC). 

Protein-ISS conjugate also elicited higher levels of CTL activity 
than pACB-OVA vaccination. Animals immunized with mPIC 
exhibited low CTL activity (33 ± 2% specific lysis at 25:1 ratio), 
which was comparable to the nonspecific adjuvant activity of mutat- 
ed oligonucleotide previously observed 12 . Ovalbumin administra- 
tion alone did not stimulate CTL activity. Target cells loaded with an 
irrelevant MHC class I-restricted peptide were not lysed by spleno- 
cytes from OVA-PIC-immunized mice, indicating that the observed 
response was antigen-specific. These results show that vaccination 
with PIC resulted in higher antigen-specific CTL activity than other 
ISS-based vaccines. 

PIC vaccination induces a Thl-like immune response. Total 
splenocyte cytokine production and antigen-specific isotype switch- 
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Figure 2. Antigen-specific cytotoxic lymphocyte activity following 
intradermal immunization of test animals on days zero and 14 with 
the following vaccines: PIC {50 ug, «), OVA + ISS-ODN 
coadministration {50 ug each, +), mPiC (50 ug, 0)» pACB-OVA {50 ug, 
®, or OVA alone (50 ug, A). Vaccines were diluted in sterile normal 
saline solution. Total spienocytes were isolated after six weeks and 
restimuiated in culture for five days. Secondary CTL activity was 
determined by lactate dehydrogenase release. Targets were EL-4 
cells loaded with either MHC class l-restricted OVA peptide or 
influenza virus nucleoprotein peptide (target control, □). Error bars 
indicate s.e.m. Data are averaged from four to five mice per group, 
and are representative of four experiments. 

ing to IgG^ were examined to assess the T-helper response to PIC 
vaccination. Spienocytes from the groups described in the previous 
section were restimuiated in culture, and tissue culture supernates 
were collected at day 3 for cytokine enzyme-linked immunosorbent 
assay (ELISA). Both PIC and OVA + ISS-ODN coadministration 
induced comparable levels (3,800 ± 1,800 and 3,600 ± 1,100 pg ml' 1 , 
respectively) of IFNy, a T h l -associated cytokine, in response to OVA 
stimulation (Fig. 3A). By comparison, pACB-OVA and mPIC vacci- 
nation resulted in IFNy production approximately 20% and 10% of 
this amount, respectively. The T^-associated cytokine IL-4 was not 
detected in any of the groups (data not shown). 

Interferon y is a switch factor for IgG?* (ref. 20), and isotype 
switching to IgG?,, is also a marker for TiJ -biased immune responses. 
Serum was collected at week 6 and assayed for OVA-specific IgGj and 
IgG 2a by immunoglobulin ELISA. Protein-ISS conjugate induced a 
substantial isotype switch to IgCn a (Fig. 3B, C), similar to coadminis- 
tration of OVA + ISS-ODN, Vaccination with PIC also produced a 
higher titer of IgGi + IgG 2a , suggesting that the magnitude of the T h - 
and concomitant B-ceil response was higher. Immunization with 
mPIC resulted in antigen-specific IgGj production without isotype 
switching to IgG 2a . These data indicate that PIC vaccination promot- 
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Figure 3. PIC vaccination induces a T h 1 -biased immune response. (A) 
IFNy production in total splenocyte restimuiation assay. Total 
spienocytes were isolated as described in Figure 2, Spienocytes were 
restimuiated as described in the text, and IFNy concentration in day 3 
supernates was determined by cytokine ELISA. (B) fgG t and (C) SgG 2a 
titers in week 6 serum from immunized mice. Relative titer was 
determined by isotype-specific ELISA. Error bars indicate s.e.m. Data 
are averaged from four to five mice per group, and are representative 
of four experiments. 
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Figure 4. Activation of CTL activity by PIC is independent of MHC class 
il-restricted help. (A) Wild type (B) CD4"'-, and {C} MHC class IH" gene- 
deficient animals were vaccinated intradermal at the tail base on days 
zero and 1 4 with either PIC (50 ug, ■), OVA + ISS-ODN (50 ug each, +, or 
OVA alone (50 ug, «}. Cytotoxic lymphocyte activity was determined as 
described in Figure 2. Error bars indicate s.e.m. Data are averaged from 
four mice per group, and are representative of two experiments. 



ed a T h l-like helper phenotype as measured by I FNy production and 
IgG 2a iso type switching. 

Induction of CTL activity by PIC is independent of MHC class 
Ii-restricted help. To test die hypothesis that CTL induction and T h I 
bias are independent in PIC vaccination, CD4 _/ - and MHC class IH" 
gene-deficient mice were vaccinated according to the protocol 
described earlier. We included MHC class II"'" mice to assess the 
contribution of MHC class Il-restricted T-cell help by CD47CD8" 
lymphocytes. The CTL responses of wt mice to PiC, OVA and 
ISS-ODN coadministration, and OVA alone are shown in Figure 4A. 
Vaccination with either PIC or OVA + ISS-ODN elicited high anti- 
gen-specific CTL activity (6 1 ± 3% and 54 ± 2% specific lysis at a 
25:1 E;T ratio, respectively! from CD4"'" mice (Fig. 4B). These vac- 
cines also stimulated CTL activity (83 ± 3% and 65 ± 4% specific 
lysis, respectively) from MHC class IT"'" mice (Fig. 4C). Ovalbumin 
alone did not elicit CTL activity in these groups. Plasmid 
pACB-OVA did not stimulate antigen-specific CTL activity in 
CD4" ; - mice (data not shown). As expected, neither 004"'- nor 
MHC class n _/ - mice generated a T h l -biased immune response to 
PIC vaccination as measured by IFNy and IgG 2a production (data 
not shown). Therefore, activation of CTL activity by 1SS adjuvant 
was independent of MHC class Il-restricted T-cell help. 
Interestingly, effector function from CD4 _/ ~ and MHC class IH" mice 
immunized with OVA + ISS-ODN was more rapid diluted at 5:1 and 
1:1 E:T ratios compared to PIC vaccination, suggesting that coad- 
ministration was less efficient than PIC under conditions where T- 
cell help was not available. 

Vaccination with PIC results in protective immunity in mouse 
models of cancer. To assess the in vivo effectiveness of PIC vaccina- 
tion, two mouse models of cancer were examined. In a preventive 
model of tumor vaccination, C57BL/6 mice were vaccinated with 
PIC and other ISS-based vaccines, as well as controls. The test ani- 
mals were vaccinated twice, then received a lethal tumor challenge 
of E.G7-OVA or EL-4 cells 21 , and tumor growth was followed for 
six weeks. 

Vaccination with PIC suppressed tumor growth (Fig. 5A). 
Vaccination with pACB-OVA also inhibited tumor growth, but to a 
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Figure 5. Plot showing that PIC vaccination provides protective 
immunity in both preventive and therapeutic models of cancer. (A) 
Preventive model. Test animals were vaccinated intradermal at the 
tail base on days zero and 14 with the following vaccines: PiC {50 ug, 
m), mPIC (50 ug, lj),.OVA + ISS-ODN coadministration {50 ug each, 
pACB-OVA (50 ug, A), or OVA aione (50 ug, •). On day 28, each group 
received a lethal challenge of 20 x 10 6 E.G7-OVA cells subcutaneousiy 
in the right flank, and tumor growth was followed over the subsequent 
six weeks, The observed difference in tumor growth is statistically 
significant between the PIC and mPIC groups (two-tailed t test, p = 
0.05), PIC and OVA alone ip < 0.02), and PIC and no treatment (p < 
0.025). (B) Therapeutic model. Test animals received subcutaneous 
tumor challenge on day zero, and early (days zero, 6, and 1 1 , □) or late 
{days 6, 11, and 15, W) intradermal vaccination with PIC {50 ug). The 
observed difference in tumor growth between the PIC treatment 
groups and untreated controls is statistically significant ip < 0.005), (C) 
Therapeutic mode! in CD4 _/ - (■} and CD8"'- {□) gene-deficient mice. 
Gene-deficient animals received subcutaneous tumor challenge on 
day zero and were immunized intradermal^ with PIC (50 ug) on days 
zero, 3, and 7, The observed difference in tumor growth between 
CD4"'- and CDS*' - groups is statistically significant {p < 0.005). Tumor 
growth in all three plots is expressed as tumor index = square root 
(length x width). Data are averaged from six mice per group and are 
representative of two experiments each. 



lesser degree. Although OVA + ISS-ODN initially appeared to slow 
tumor growth, at later time points this effect was reduced. Neither 
ISS-ODN nor OVA protein alone appeared to significantly retard 
tumor growth. Similarly, vaccination with mPIC, which does not 
contain CpG dinucleolides, did not confer protection. 
Immunization with ISS-based vaccines did not prevent the growth 
of EL-4 cells, the parental line that does not express OVA, indicating 
that the protective effect was antigen-specific (data not shown). 
Treatment with ISS-based vaccines also did not appear to affect 
overall survival, in that there was no evidence of increased, non- 
tumor-related morbidity or mortality among groups that demon- 
strated tumor immunity when compared to test groups that were 
susceptible to tumor growth. 

Because PIC appeared to be the most effective vaccine for stimu- 
lating resistance to tumor growth in the -preventive model, it was 
also tested in a therapeutic model of cancer. Test animals received 
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Figure 6. ISS-based vaccines provide T-helper-independent 
"licensing" of APC and facilitation of exogenous antigen presentation 
on MHC class I. (A) Licensing model of cross-priming CTL activity to 
soluble protein antigen. CTL activation is dependent upon an initial 
licensing interaction between APC and CD4 + T-hefper cells. This 
licensing step is dependent upon CD40-CD40 ligand interaction, and 
confers competence for APC to activate CD8* CTL. Figure is adapted 
from ref. 21, {B} Model of ISS-based vaccine action suggested by data 
presented in this report. (1) ISS-ODN appears to replace some or all 
of the licensing functions of T-helper cells in CTL activation. This may 
involve upregulation of APC surface expression of CD40 and/or 
B7-1/B7-2, as well as increased IL-12 production. (2) ISS-ODN 
appears to facilitate the presentation of exogenous antigen on fVIHC 
ciass I, possibly through TAP-dependent endosome-to-cytosol 
shuttling. This is unlike the common presentation of exogenous 
antigens on MHC class II. The reason that PIC is more efficient than 
OVA + ISS-GDN coadministration in the absence of T-ceil help is that 
coiocalization of ISS-ODN and antigen into the same APC is achieved 
in a single step. 

tumor challenge on day zero, and were subsequently immunized 
either on days zero, 6, and 1 1 (early), or on days 6, 1 1, and 1 5 (late). 
Early vaccination with PIC resulted in profound suppression of 
tumor growth relative to controls (Fig. 5B). Late vaccination with 
PIC induced tumor regression by 14 days, with subsequent suppres- 
sion of tumor growth. These results showed that vaccination with 
PTC resulted in protective immunity against tumor expressing OVA 
in both preventive and therapeutic models of cancer. 

PIC-induced antitumor immunity is dependent on CD8 + CTL 
and independent of CD4 + cell help. Protein-ISS conjugate efficiently 
promotes CTL activity and T h l -biased immune responses. The rela- 
tive contributions of C.D8 + CTL activity and CD4 + T ir dependent 
mechanisms are unclear in this system. To assess their respective roles 
in antitumor immunity, CD4~ / " and CD8-'~ gene-deficient mice 
received subcutaneous tumor challenge on day zero and were immu- 
nized with PIC on days zero, 3, and 7. CD4 _/_ and wt control animals 
exhibited similar suppression of tumor growth, whereas CD8~'~ mice 
did not suppress tumor growth (Fig. 5C). As expected, CD4 _/ - animals 
did not exhibit a Thl -biased immune response, whereas CD8 -/ " mice 
had a response similar to wt animals (data not shown). These results 
showed that protective antitumor immunity induced by PIC is medi- 
ated by CD8 + CTL activity, rather than T tl -dependent mechanisms. 

Discussion 

In this report, a novel PIC vaccine is shown to stimulate both high 
antigen-specific CTL activity and a T h l -biased immune response. 



Activation of CTL by this vaccine is independent of MHC class II- 
restricted T-cell help. In addition, PIC vaccination provides pro- 
tection in both preventive and therapeutic models of cancer. These 
results directly illuminate a central issue in the investigation of 
ISS, which is the role of Th ceils in the activation of CTL by ISS- 
based vaccines. The data presented show that the CTL and T h 
responses to ISS~ODN-based vaccines are independent, and that 
it is the CTL response that confers protective immunity against 
OVA-expressing tumor in the presented models. These data also 
suggest that APC interaction is the common pathway through 
which i mm uno stimulatory signals from ISS are transduced to the 
adaptive immune response. 

Antitumor immunity induced by ISS-based vaccines is depen- 
dent upon CD8~ CTL activity, as demonstrated by protection 
against tumor in CD4~'~ animals and lack of protection in CD8"'~ 
mice. However, a simple correlation between in vitro CTL activity 
and tumor protection is not evident. OVA + ISS coadministration 
also elicits high CTL activity without T h -celi help, but only inter- 
mediate tumor protection. DNA vaccination with pACB-OVA 
stimulates intermediate CTL activity in wt mice and low activity in 
CD4"''" mice, but provides tumor protection similar to PIC. It is 
likely that the development of in vivo tumor protection involves 
complex interactions between host, vaccine, and tumor. 
Nevertheless, PIC appears to be most efficient in stimulating pro- 
tective antitumor immunity 

The rapid kinetics of antitumor immunity induced by PIC is 
also notable. In the therapeutic model, concomitant tumor chal- 
lenge and vaccination completely suppressed tumor growth, where- 
as treatment initiated six days after tumor challenge resulted in 
complete regression of tumor by day 14. This could potentially be 
attributed to the Th-independent mechanism of CTL priming, but 
further investigation is needed to determine what other factors 
mediate this rapid response. 

Current models of cross-priming consist of two steps: a 'licens- 
ing" interaction between APC and Th, followed by an activating 
interaction between "licensed" APC and CTL (Fig. 6A) I7 ~ 1W2 . The 
licensing step is dependent upon CD40-CD40 ligand interac- 
tion 17 ' 19 . The requirements for the activation step are not fully eluci- 
dated, but current data suggest that CD40, B7-I, B7-2, and IL-12 
signaling may all play roles 23 " 26 . The activation of CTL in the 
absence of T-cell help strongly suggests PIC can replace the "licens- 
ing" functions of the Tj-APC cell interaction (Fig. 6B, arrow 1). 
Current data indicate that ISS stimulation can upregulate a number 
of proinflammatory cytokines and surface molecules, which may 
account for this effect 6,27 . Investigation into the roles that these mol- 
ecules play in direct activation may provide mechanistic insight into 
this phenomenon. 

The data presented also demand that soluble exogenous antigen 
be presented on MHC class I in order to engage the T-cell receptor 
on CD8 + CTL (Fig. 6B, arrow 2). It appears that ISS facilitates exoge- 
nous antigen presentation, a unique function that has not been 
observed in other adjuvants. Presentation of exogenous protein anti- 
gens on MHC class 1 has been observed in vitro, but its significance 
in vivo is uncertain. Three mechanisms for this phenomenon have 
been demonstrated: a transporter associated with antigen presenta- 
tion (TAP)-dependent pathway, also known as endosome-to-cytosol 
shuttling 28,29 , a TAP-independent, or "regurgitant" pathway 3 "- 31 , and 
a "recycling" pathway 33 . Though subtle, the implications of this find- 
ing are profound, because it may provide a window to delineate the 
regulation of exogenous antigen presentation and the role it plays in 
adaptive immunity. 

Ovalbumin-PIC stimulates a remarkable level of CTL activity, 
and similar results have been demonstrated with ISS-ODN conju- 
gated to P-galactosidase or HIVgp-120 (Tighe et ah, manuscript 
submitted). Why is PIC more efficient than OVA + ISS-ODN 
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coadministration despite a lower molar ratio of ISS-ODN:OVA? A 
potential mechanism is suggested by the CD4~ ; ~ and MHC class 
IH- mice. These animals exhibited a reduction in CTL activation 
when compared to similar mice immunized with PIC (Fig. 4B, C). 
An intriguing interpretation of this result is that direct activation 
of CTL in this system requires colocaiization of protein antigen 
and ISS in the same APC. Thus, the licensing function and exoge- 
nous antigen presentation on MHC class I are coupled to activate 
CD8 + cells (Fig. 6B). Under suboptimal conditions such as 
absence of T-cell help, direct activation by PIC is more efficient 
than OVA + ISS-ODN separately, because colocaiization is 
achieved in a single step. 

These results suggest a promising role for ISS-based vaccines in 
cancer immunotherapy. However, this system used an artificial 
tumor-specific antigen (OVA), and the applicability of this technol- 
ogy to clinical use will depend upon the demonstration of efficacy 
with naturally occurring human tumor- associated antigens. 
Nevertheless, these results are encouraging, because ISS-induced 
antitumor immunity has characteristics that may counteract mecha- 
nisms that allow tumors to evade the immune system. For example, 
ISS-induced immunity is independent of T-cell help, which may 
counteract antiinflammatory mediators expressed by tumors that 
negatively affect T h -celi function 35 ' 34 . The very high CTL activity 
stimulated by PIC may overcome the downregulation of MHC class 
I by some tumors 35-37 . Interestingly, these results bring ISS full circle 
to its origin from the antitumor agent BCG Vi . Application of this 
technology to clinical use merits further investigation, since clinical 
efficacy in the context of bladder carcinoma has already been 
demonstrated. 

Immunostimulatory DNA sequence-based vaccines may have 
another clinical application in AIDS and other immunodeficiencies, 
which are characterized by reduced or absent T h function. These 
vaccines could induce effective cell-mediated immunity indepen- 
dent of T-cell help, providing protection against opportunistic 
infection. They may also be effective against HIV itself 

Industrial-scale synthesis of PIC vaccines would be limited by the 
supply and expense of producing recombinant antigen and phos- 
phorothioate ODN. The reagents for conjugation are relatively inex- 
pensive, and the method is simple. Quality control could be easily 
achieved by the methods presented in the text. However, important 
issues, such as safety and efficacy in humans and long-term stability 
of PIC vaccines, remain to be addressed. 

Tn summary the results presented here show that PIC vaccines 
can induce protective antitumor CTL immunity by two unique 
mechanisms. First, they replace the licensing function of T-helper 
cells, and second, they facilitate the presentation of exogenous anti- 
gens on MHC class I. Because of their efficacy and independence 
from T-cell help, ISS-based vaccines may have clinical applications 
in cancer and infectious disease. 

Experimental protocol 

Mice, C57BL/6 I and CD4-'" mice were purchased from Jackson Laboratories 
{Bar Harbor, ME). MHC class H"-'" gene-deficient mice were purchased from 
Taconic Farms (Gcrmantown, NY). CD8^ gene-deficient mice were the gen- 
erous gift of Wei Ping Feung- Leung and TakMak. 

Cell lines and tissue culture. E.G7-OVA cells were the generous gift of 
Angel Porgador and Eli Gilboa, Cell lines were cultivated in Dulbccco's 
modified Eagle's medium (DMEM), high glucose (Cellgro, Natham, VA) 
supplemented with 10% (vol/vol) heat- inactivated fetal calf serum (PCS; 
Gibco BRL, Gaithersburg, MD), 2 mM L-glutamine (Cellgro), and 
100 U ml" 1 penicillin and 100 Ltg ml' 1 streptomycin (Pen/Strep; Ceilgro). 
E.G7-OVA medium also contained 400 Ug mi" 1 G4I8 (Calbiochem, San 
Diego, CA). Cells were grown in 250 ml tissue culture flasks (Falcon, 
Franklin Lakes, NJ) at 37°C, 5% CO;. 

Protein ISS-ODN conjugate synthesis. All chemicals are from Sigma (St. 
Louis, MO) unless otherwise noted. Ovalbumin (chicken egg albumin, grade 



VI) was activated with a 20 -fold molar excess of sulfosuccimmidyl-4-(xV~ 
maleimidomethyl) cyclohexane- 1 -carboxylate (suifo-SMCC; Pierce, 
Rockford, IL) at room temperature for I h. This modified the amino side 
chains of L-lysine residues by the addition of maleimide groups. Residual 
reagents were removed by chromatography on a G-25 desalting column 
(Amersham Pharmacia Biotech, Piscataway, NJ). S'-disuIfide-ISS-ODN 
were reduced with 200 mM Tris-(2-carboxyethyl) phosphine (TCEP; Pierce) 
at room temperature for 1 h, and residual reagents were removed by chro- 
matography on a G-25 desalting column. The resulting S'-thio-ISS-ODN 
were mixed with the modified OVA at a 5:1 molar ratio (ISS-ODN:OVA) and 
incubated overnight at room temperature. 5'-Disulfide-lmked phosphoroth- 
ioate ISS-ODN, sequence 5 '-disulfide -TGACTGTGAACGTTCG AG ATGA- 
3', and mutated ODN, sequence S'-disulfide-TGACTGTG AACCTTCG A- 
GATGA-3' were purchased from Tri-Link Biotechnology (San Diego, CA). 
Nonreducing SDS-PAGE was performed using Novex (San Diego, CA) 
10-20% Tricine minigels run at a constant voltage of 100 V. Protein concen- 
tration was determined by Bradford assay (Bio-Rad,. Hercules, CA). 
Protein-ISS conjugate samples were determined to be lipopolysaccharide- 
free by Limulus amebocyte lysate assay (Bio VVhittaker, Walkersville, MD). 

Vaccines. Single-stranded phosphorothioate ISS-ODN, sequence 5'- 
TGACTGTG AACGTTCG AGATGA-3', were purchased from Tri-Link 
Biotechnology. Plasmid pACB-OVA was as described- 17 ' 33 . 

Peptides. H-2 b MHC class I -restricted peptides were purchased from 
Peptido denies Research (Fullerton, CA). OVA peptide consisted of NH 2 - 
SIINFEKL-COOH. Influenza virus nucleo protein (NP) peptide (negative 
control) consisted of NH r ASNENMETM-COOH. 

Cytotoxic lymphocyte assay. The CTL assay was adapted from Horner and 
colleagues 12 . Briefly, 2 x 10 6 effector splenocytes were restimulated in culture 
for five days with 1 ,8 x 10 7 OVA pep tide -pulsed stimulator splenocytes and 50 
U ml" 1 recombinant human IL-2 (BD PharMingen, San Diego, CA) in RPMI 
(Irvine Scientific, Santa Ana, CA) supplemented with 10% heat- inactivated 
PCS, 50 mM f}-mercaptoethanol (Sigma), 2 mM L-glutamine, 100 U ml" 1 
penicillin, and 100 Lig ml" 1 streptomycin (RP10). After restimulation, viable 
lymphocytes were recovered by centrifugation over Ficoll lympholyte M 
(Cedariane Laboratories, Ltd., Hornby, Ontario, Canada) at room tempera- 
ture for 20 min. Cells were washed once in RP2 (RPMI + 2% PCS) and then 
serially diluted to several effector- to- target cell (E:T) ratios in 96 -well U- bot- 
tom culture plates (Costar, Cambridge, MA) in colorless RPMI (Irvine 
Scientific) supplemented with 2% bovine serum albumin (USA; Sigma), 2 
mM i.-glutamine, 100 U mi 1 penicillin, and 100 ug ml 1 streptomycin. Target 
El A ceils were pulsed with OVA or NP peptide at 37°C for 1 h, then washed 
three times with colorless RPMI. Plates were incubated for 4 h, and su per- 
il at ants recovered. Specific lysis was assayed with the CytoTox 96 kit 
(Promega, Madison, WI) according to the manufacturer's instructions. 

Cytokine ELISA. Purified rat anti-mouse IFNy capture antibody and puri- 
fied, biotinylated rat anti-mouse IFNy-detecting antibody were purchased from 
PharMingen, IL-4 capture and detecting antibodies (Duoset) were purchased 
from Genzyme (Cambridge, MA). Briefly, splenocytes were isolated as 
described in the previous section, and 5 x 10 5 splenocytes were aliquoted in trip- 
licate into 96- well culture plates (Costar) in a total volume of 200 Ltl RP10 with 
and without 50 tig ml' 1 ovalbumin (Sigma). Cultures were incubated at 37°C 
with 5% C0 2 for three days, and then aliquots of tissue culture supernatant were 
removed for cytokine ELISA. Half-area 96-weil plates (Costar) were coated with 
capture antibody diluted 1:1,000 in carbonate buffer (15 mM Na^COj, 35 mM 
NaHCOj, pH 9.6), overnight at 4°C. Plates were washed with lx BBS (160 mM 
NaCl, 40 mM NaOH, 200 mM boric acid, pH 8.0) and then blocked for 2 h at 
37°C with blocking buffer (1% BSA in BBS). Plates were washed and incubated 
with tissue culture supernates diluted 1:2 in blocking buffer overnight at 4°C. 
Plates were washed and incubated with detecting antibody diluted 1:1,000 in 
blocking buffer at room temperature for I h. Plates were washed and incubated 
with streptavidin-HRP conjugate (Zymed, S. Saa Francisco, CA), diluted 
1:2,000 in blocking buffer at room temperature for 1 h. Plates were washed and 
incubated with TMB substrate (Moss, Inc., Hanover, MD). The reaction was 
stopped with I M phosphoric acid (Sigma), and the plates were read at 450 nm 
on a iSolecular Devices ThermoMax microplate reader (Sunnyvale, CA). 

Ig ELISA, .Alkaline phosphatase-conjugated goat anti- mouse IgGi and 
IgGi* were purchased from Southern Biotechnology Associates 
(Birmingham, AL). Plates were coated with serum serially diluted in block- 
ing buffer overnight at 4°C. Plates were washed and incubated with detecting 
antibody diluted 1:2,000 in blocking buffer. Plates were washed and incubat- 
ed with 4-nitrophenyi phosphate substrate (Roche Diagnostics, Basel, 
Switzerland). Plates were read at 405 nm as described above. 
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